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Summary
Objective: The aim of this study was to investigate the potential of using non-invasive, multi-modality imaging techniques to quantify disease
progression in a rabbit model of experimentally induced osteoarthritis (OA).
Methods: High-resolution 4-T magnetic resonance imaging (MRI) and micro-computed tomography (micro-CT) techniques were implemented
and validated in an ex vivo rabbit anterior cruciate ligament transection (ACLT) model of OA. A three-dimensional (3-D) rigid body registration
technique was executed and evaluated to allow combined MReCT analysis in co-registered image volumes of the knee.
Results: The 3-D MRI and micro-CT data formats made it possible to quantify cartilage damage, joint-space, and osseous changes in the
rabbit ACLT model of OA. Spoiled gradient-recalled echo and fast-spin echo (FSE) sequences were jointly used to evaluate femorotibial
cartilage and determine the sensitivity (78.3%) and speciﬁcity (95.3%) of 4-T MRI to detect clinically signiﬁcant cartilage lesions. Overall
precision error of the micro-CT technique for analysis of joint-space, volumetric bone mineral density (vBMD), and bone volume fraction (BV/
TV) was 1.8%, 1.2%, and 2.0%, respectively. Co-registration of the 3-D data sets was achieved to within 0.36 mm for completed intermodality
registrations, 0.22 mm for extrapolated intramodality registrations, and 0.50 mm for extrapolated intermodality registrations.
Conclusions: These results indicate that high-resolution 4-T MRI and micro-CT can be used to accurately quantify cartilage damage and
calciﬁed tissue changes in the rabbit ACLT model of OA. In addition, image volumes can be successfully co-registered to facilitate
a comprehensive multi-modality examination of localized changes in both soft tissue and bone within the rabbit femorotibial joint.
 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Osteoarthritis (OA) is one of the most common and wide-
spread rheumatic diseases responsible for the deterioration
of articular cartilage, subchondral bone, and synovium,
ultimately leading to the failure of synovial joints1e3. There is
a tremendous need for disease modifying OA drugs
(DMOAD’s), which may be used to improve the patient’s
quality of life. Currently, there is a wide range of molecules
under study in animal models4e14; however, early and rapid
detection of a response is problematic. For example, histo-
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‘Gold Standards’ of disease progression, can only be
completed after the animal has been sacriﬁced, increasing
costs and precluding longitudinal studies.
Presently, conventional radiography is the primary imag-
ing technique used to non-invasively evaluate the severity
and progression of OA15. This modality is fundamentally
limited by its inability to directly visualize articular cartilage,
synovium, menisci, and other non-osseous structures
involved in the pathophysiology of OA16. Accordingly,
radiography is insensitive in the detection of early cartilage
ﬁbrillation, cracking, or erosion and an indirect assessment
of articular cartilage degeneration can only be inferred from
joint-space narrowing16. A more serious limitation of
conventional radiography is its relatively poor sensitivity to
detect early changes in bone mineral density (BMD) as well
as osteophyte and/or bone cyst formation. For example, as
much as 30e50% of trabecular bone must be added or
removed before a change becomes perceptible on conven-
tional radiographs17. Finally, the two-dimensional (2-D)
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tures to be superimposed, which could result in misinter-
pretation of anatomic aberrations. Unfortunately, multiple
projections of the same anatomy only partially compensates
for this limitation.
High-ﬁeld (4-T) magnetic resonance imaging (MRI) and
micro-computed tomography (micro-CT)dby virtue of their
high spatial resolution, multi-planar capacity, and compli-
mentary valuedappear to be ideally suited for compre-
hensive longitudinal investigations of degenerative joint
diseases. MRI provides superior soft tissue contrast and the
ability to directly visualize articular cartilage, synovium,
menisci, and other non-osseous structures. Despite its
theoretical advantages, acceptance of MRI for this partic-
ular application has been slow, mainly because the earlier
MR techniques lacked sufﬁcient spatial resolution and
provided poor tissue contrast18. A major advantage of high
ﬁeld strength imaging is the improvement in signal-to-noise
ratio (SNR), which has been shown to increase linearly with
increasing ﬁeld strength19e23. These improvements in
signal may be used to decrease slice thickness and
improve the spatial resolution of the images, while main-
taining the same SNR and imaging time as in current lower
ﬁeld strength magnets. The improvements attained at
higher ﬁeld strength may allow researchers to localize early
degeneration, by permitting visualization of macroscopic
changes (e.g., cartilage eburnation, pitting, or superﬁcial
erosions) or microscopic changes (e.g., local variations in
signal intensity within cartilage or alteration of cartilage
purilaminar appearance) over a smaller area of articular
cartilage. In addition, these beneﬁts observed at higher ﬁeld
strength may be seen during the application of different MRI
pulse sequences, which permit various levels of soft tissue
contrast in relation to bone.
Until recently, limitations in spatial resolution have made
it impractical to use commercially available CT equipment
during investigations of laboratory animals. However, recent
technical advances such as the availability of megapixel
charged-coupled device (CCD) detectors as well as signi-
ﬁcant increases in computer speed and memory have now
made it feasible to obtain such high-resolution CT images of
animals during pre-clinical investigations24,25. Micro-CT
provides superior signal contrast between bone and soft tis-
sue, making it especially well suited for applications involv-
ing measurements of bone density26. Several groups have
applied micro-CT techniques to non-destructive evaluation
of trabecular bone27e29 and it has been shown to be an
accurate tool to precisely measure changes in bone
stereology25,30e32 as well as bone volume and micro-
architecture31,33.
The purpose of this study was to investigate the potential
of using non-invasive, multi-modality imaging techniques to
quantify disease progression in a rabbit model of experi-
mentally induced OA. This objective was accomplished by:
(1) the implementation and validation of 4-T MRI and micro-
CT techniques in an ex vivo rabbit anterior cruciate ligament
transection (ACLT) model of OA; and (2) the execution and
evaluation of three-dimensional (3-D) rigid body registration
techniques that will allow combined MReCT analysis in co-
registered image volumes of the femorotibial joint.
Materials and methods
EXPERIMENTAL ANIMAL MODEL
A total of 35 skeletally mature New Zealand White (NZW)
male rabbits (2.5 years old, 4:6G0:4 kgweight) werestudied. Twenty-four rabbits underwent surgical ACLT34 in
the left knee to experimentally induce osteoarthritic lesions
in the femorotibial joint. The remaining 11 rabbits repre-
sented a control series comprising normal unoperated left
knees. All procedures were approved by the Institutional
Animal Care Committee of the Faculte´ de me´decine
ve´te´rinaire, Universite´ de Montre´al. Animals were pre-
medicated with glycopyrrolate (0.01 mg/kg i/m) (Sabex
Inc., Boucherville, Quebec, Canada), ketamine (25e
35 mg/kg i/m) (Bionicahe, Animal Health Canada Inc.,
Belleville, Ontario, Canada), and xylazine (5 mg/kg i/m)
(Bayer Inc., Toronto, Ontario, Canada). Anaesthesia was
maintained with isoﬂurane (1e2%) (Baxter Corporation,
Toronto, Ontario, Canada). Antibiotic prophylaxis was
instigated by the administration of Baytril (15 mg/kg s/c)
(Bayer Inc., Toronto, Ontario, Canada) pre-operatively and
for 2 days post-operatively. Under sterile conditions, the left
ACL was exposed and sectioned through a medial para-
patellar incision (between the medial collateral ligament and
the patellar ligament). The ﬁbrous capsule was closed with
2/0 vicryl and subcutaneous tissue was closed with
a continuous suture of 3/0 monocryl. The skin was sutured
with 4/0 monocryl. Buprenex (0.05 mg/kg BID) (Schering-
Plough Ltd, Shire Park, Welwyn Garden City, Hertfordshire,
UK) was administered for 2 days post-surgery. Post-
operatively, all animals were permitted free cage activity
(one animal per cage) without joint immobilization.
ACL transected animals were euthanized at 4 weeks
(N ¼ 8), 8 weeks (N ¼ 8), and 12 weeks (N ¼ 8) post-
surgery. Control animals were euthanized at 4 weeks
(N ¼ 5) and 12 weeks (N ¼ 6) to ensure any age-related
degeneration did not contribute to observed changes in the
OA group. Two animals in the 4-week ACLT group and one
animal in the 8-week ACLT group died due to gastrointes-
tinal illness unrelated to surgery. One rabbit was excluded
from the 12-week control group due to unusual joint
pathology present at post mortem. Animals were eutha-
nized by an injection of euthanyl (1.5 ml/kg) (Bimedad
MTC, Animal Health Inc., Cambridge, Ontario, Canada) in
the lateral auricular vein and the limbs disarticulated at the
coxofemoral joint and placed in ice. For imaging purposes,
the joints were further amputated approximately 3 cm
proximal to the femoral epicondyles and 3 cm distal to the
anterior tibial tubercle and all soft tissue was left intact.
Immediately following amputation, the samples were
shipped on ice via courier to London, Ontario where they
underwent 4-T MRI and micro-CT examinations of the
femorotibial joint. All imaging evaluations were completed
on fresh tissue at room temperature and within 36 h of time
of death. Samples were kept on ice when not being
examined.
MAGNETIC RESONANCE IMAGING
MR image acquisition
All specimens were mounted ( femur superior to tibia) in
50 mL BLUE MAX polystyrene tubes ﬁlled with 0.9%
NaCl to prevent dehydration. Images were acquired
sequentially in a sagittal orientation on a 4-T whole-body
imaging system (Varian, Palo Alto, CA; Siemens, Erlangen,
Germany), with a 90 cm diameter horizontal bore and a
whole-body 68 cm diameter gradient (operating at 40 mT/m
and a slew rate of 80 mT/m/s). A transmitereceive
cylindrical high-pass birdcage radio frequency (RF) coil (8
element, 7.5 cm diameter, 7.5 cm length) was used for
transmission and detection of signal. Prior to imaging,
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shims, was performed to optimize the magnetic ﬁeld over
the imaging volume of interest.
Many different MRI pulse sequences have been used to
investigate cartilage changes in the knee; however, the 3-D
SPGR sequence35e41 and the 2-D fast-spin echo (FSE)
sequence42e44 are often chosen for use in clinical practice.
Thus, the imaging acquisition protocol in the current study
incorporated both SPGR and FSE, and consisted of the
following three sequences: (1) 3-D spoiled gradient-recalled
echo with fat suppression (SPGRfs), echo time 10 ms,
repetition time 50 ms, ﬂip angle 40(, 31.25 kHz full band-
width, acquired with a 256!256!512 matrix giving
0:20!0:20!0:20mm3 isotropic voxels, using one signal
average (20.5 min total acquisition time); (2) same SPGR
sequence without fat suppression (SPGRnofs); and (3) 2-D
FSE with fat suppression, echo time 25 ms, repetition time
5 s, echo spacing 25 ms, echo train length 4, 62.5 kHz full
bandwidth, acquired with a 512!512!384 matrix giving
0:10!0:13!0:80mm3 voxels, using two signal averages
(16 min total acquisition time).
Based on the radiologists’ clinical experience, a maximum
imaging time of 20 min was agreed upon for each RF pulse
sequence in order to maintain a realistic protocol length for
future in vivo investigations. Images were optimized with the
following goals in mind: (1) obtain the best possible spatial
resolution in the restricted imaging time; (2) optimize con-
trast resolution such that differences were greatest between
articular cartilage and bone and between articular cartilage
and synovial ﬂuid, so that changes in cartilage integrity will
be evident during longitudinal studies. This MRI protocol
(i.e., scanner, pulse sequences, and imaging time) would
be suitable for live animal investigations, and may be
applied without adjustments or additional requirements.
MRI cartilage assessment
Using MicroView 3-D volume viewing and data analysis
software (GE Medical Systems, London, Ontario, Canada)
to digitally display the MR images, two radiologists (LT and
AS), who were blinded to the population the specimen was
selected from, independently (i.e., with no knowledge of the
other radiologist’s assessment) graded cartilage lesions
using complimentary information provided from all three
MRI sequences. The grading system is presented in Table
I, and has been adapted from a macroscopic classiﬁcation
system that is widely used in rabbit ACLT models of OA34.
The knee was divided into four compartments (lateral
Table I
Macroscopic and MRI grading scales with corresponding cartilage
morphology, used to assess cartilage integrity in each of the four
compartments of the rabbit femorotibial joint
Macroscopic
grade
MRI
grade
Cartilage morphology
1 1 Intact surface normal in appearance
2 2 Minimal ﬁbrillation
3 3 Overt ﬁbrillation, distinguished
surface irregularity, or cracks
4 4 0 mm! greatest erosion diameter
% 2 mm
5 5 2 mm! greatest erosion diameter
% 5 mm
6 6 5 mm! greatest erosion diameterfemur, medial femur, lateral tibia, medial tibia) and a grade
describing cartilage integrity was assigned to each com-
partment based upon the single most severe defect
observed on the joint surface. Interrater reliability was mea-
sured between radiologists to determine the consistency of
cartilage grading.
Gross pathology assessment
The sensitivity and speciﬁcity of 4-T MRI as a diagnostic
tool for the rabbit ACLT model of OA was evaluated using
macroscopic grade as the true disease condition. Immedi-
ately after specimen imaging, the knee was dissected and
all femorotibial compartments were stained with India ink45
and examined for gross morphologic changes of the articu-
lar cartilage as described previously34 (Table I). The lesions
were mapped on a schematic representation of the rabbit
knee34, and digitized images were obtained for all the joint
surfaces using a digital D1 Nikon camera (Tokyo, Japan) in
a standard fashion to record observed changes.
MICRO-CT
Micro-CT image acquisition
Immediately after MR imaging, each femorotibial joint
was scanned using a prototype 3-D micro-CT specimen
scanner developed at the Robarts Research Institute,
in collaboration with Enhanced Vision Systems Corp.,
London, Ontario, Canada. The micro-CT imaging protocol
was optimized with multiple pilot scans using the knee of
a control rabbit. The 50 mL BLUE MAX tube containing
the femorotibial joint was placed in the specimen holder of
the scanner. Source-to-detector distance was 14.4 cm and
knee-to-detector distance was 2.5 cm. X-ray ﬁltration at
90 kVp was provided by 0.5 mm of aluminum. Correct
placement of each knee within the specimen holder was
done with the assistance of X-ray ﬂuoroscopy, to ensure
that the subchondral bone of both the femur and the tibia
was included within the scanning ﬁeld of view (FOV) to the
level of the epiphyseal scar. During data acquisition, 262
digital X-ray projection views were obtained at 0.75(
intervals around the knee (35 min total acquisition time).
After each acquisition, 10 bright-ﬁeld images were acquired
with nothing in the FOV, providing a correction for detector
non-uniformity. Each image data set collected was trans-
ferred from the micro-CT system to an image-processing
workstation (Silicon Graphics, Mountainview, CA, USA).
The projection views were then used to reconstruct a CT
image using a convolution back-projection approach im-
plemented in 3-D, giving a 2:5!2:5!2 cm3 volume of
image data with 0.085 mm isotropic voxels in analog-to-
digital units (w8.2 min total reconstruction time).
Signal non-uniformity was observed in the reconstructed
volumes, speciﬁcally signal reduction near the periphery,
due to truncation of the X-ray projection. Correction for
signal non-uniformity across the FOV was determined from
measurement within a uniform water phantom, scanned
with the same X-ray protocol. Ten axial slices within this
water phantom were averaged, to produce a 2-D map of
offset values, used to correct non-uniformity at any point
within the image. Corrected image data was calibrated in
the conventional linear scale of CT number, also known as
Hounsﬁeld units (HU), deﬁned so that water and air have
values of 0 and 1000, respectively.
Included at the periphery of each image were 1 mm
diameter cylinders of tissue-mimicking calibration material
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The cylindrical calibration phantoms were placed within the
50 mL BLUE MAX polystyrene tubes, immediately adja-
cent to the patellar tendon, to ensure that the phantoms
remained in the FOV at all imaging angles (Fig. 1).
BMD, BV/TV, and joint-space
measurement technique
In order to use micro-CT to evaluate disease-speciﬁc
regional variables of interest, such as volumetric bone
mineral density (vBMD), bone volume fraction (bone
volume/total volume or BV/TV), and joint-space, a consis-
tent and reliable spatial sampling method was developed.
For vBMD and BV/TV, the knee was divided into four
compartments (medial femur, lateral femur, medial tibia,
lateral tibia) and three cylindrical sample volumes were
placed in separate anatomical regions (anterior, central,
posterior) within each compartment (Fig. 2). Using 3-D
viewing software, the x, y, z coordinates of the anterior,
central, and posterior regions of interest (ROIs) were
determined as described below. First, the weight-bearing
surface was determined and used to identify the most
anterior and posterior margins of the compartment. The line
connecting these two points was deﬁned as the major axis,
Y. Second, the most medial and lateral margins of the
compartment were identiﬁed and deﬁned as the minor axis,
X. Using these two axes, a 2!4 grid was placed over the
image such that the major axis was divided into quarters (Y/
4) and the minor axis was divided in half (X/2). This allowed
each of the three ROIs to be equally separated along the
major axis. The coordinates of the central ROI were deﬁned
as the intersection between Y/2 and X/2; however, the
coordinates of the anterior and posterior ROIs were deﬁned
slightly differently. The boneewater interface was identiﬁed
along the lines Y/4 and 3Y/4, thus deﬁning two new minor
axes (Xant, Xpost, respectively). The coordinates of the
anterior ROI were deﬁned as the intersection between Y/4
and Xant/2. Similarly, the coordinates of the posterior ROI
were deﬁned as the intersection between 3Y/4 and Xpost/2.
Within the tibia, care was taken to avoid including the tibial
tuberosity as an anterior margin of the compartment.
Similarly, within the femur, care was taken to avoid the
Fig. 1. Cylindrical calibration phantom including cortical bone
mimicking material placed immediately adjacent to the patellar
tendon included in each of the micro-CT scans.patellofemoral or extensor fossa region by excluding the
most anterior aspect of the compartment.
Using these 3-D coordinates located on the weight-
bearing surface of the joint, cylindrical volumes of 1.5 mm
diameter were placed in each of the three anatomical
regions within each compartment (MicroView, GE Medical
Systems, London, Ontario, Canada). Cylindrical volume
depth (mm) varied between femur and tibia, and was
deﬁned as the minimum distance between the cortical shell
and the physeal scar measured from all 31 rabbits. As such,
the cylindrical volume depths were 6.5 mm in the femur and
2.5 mm in the tibia (Fig. 3). This method generates six
proximal tibia and six distal femur (total of 12 per knee)
cylindrical volumes, from which compartmental vBMD (in
gm cm3) and BV/TV may be obtained.
Individual global thresholds were determined for each
3-D data set for the calculation of BV/TV. Grey-scale values
were displayed via histogram and the threshold was deﬁned
as the minimum in the histogram distribution, separating
bone from marrow and soft tissue. Finally, the 3-D
anatomical location of joint-space measurement was de-
termined. The centre of the weight-bearing surface for each
compartment was identiﬁed from a coronal view of the joint,
as shown in Fig. 4(a). The image locations determined from
the coronal view were then used to select a sagittal view of
each compartment, which was aligned with the weight-
bearing axis of the joint, as shown in Fig. 4(b). Minimum
joint-space for each compartment was determined from
these sagittal views.
Precision of BMD, BV/TV, and joint-space
measurement technique
To evaluate the precision of this quantitative micro-CT
technique, the left knee of one control rabbit was scanned
ﬁve times repeatedly with repositioning (short-term pre-
cision). Micro-CT images were viewed and analyzed using
MicroView software (GE Medical Systems, London, Ontario,
Canada). The micro-CT precision analysis included
determination of: (1) vBMD and BV/TV from 12 different
anatomical regions within the femorotibial joint (as de-
scribed previously); and (2) joint-space measurement from
the narrowest region of medial and lateral femorotibial
compartments of each of the ﬁve scans. In essence, this
evaluated the precision of the micro-CT scanner in
combination with the repeatability of the micro-CT data
analysis technique. Precision errors have been used to
characterize the reproducibility of a diagnostic technique
and are usually expressed as a coefﬁcient of variation (CV)
or as the percent coefﬁcient of variation (%CV)47,48. The
%CV of vBMD, BV/TV, and joint-space for the set of ﬁve
scans was calculated following the method recommended
by Gluer et al.47.
Osteophyte volume
An advantage of 3-D image data is the possibility to
quantify the volume of osteophytic bone. Using 3-D data
analysis software (VoxelView, Vital Images, Inc., Plymouth,
MN, USA) an operator identiﬁed and manually outlined
osteophytes within each contiguous coronal image section
[Fig. 5(a)]. The classiﬁcation of osteophytic bone was based
on both the appearance of the underlying normal bone
contour and the fact that newly formed osteophytic regions
exhibit reduced BMD. This analysis was carried out over the
entire superioreinferior extent of the image volume, which
618 D. L. Batiste et al.: MRI and Micro-CT in a Rabbit Model of OAFig. 2. Transverse micro-CT slices depicting the anatomical ROIs (AZ anterior, CZ central, PZ posterior) as placed within the medial
femoral condyle (a) and medial tibial plateau (b).included approximately 8 mm of the distal femur and 8 mm
of the proximal tibia. For each specimen, the total volume of
tissue classiﬁed as osteophyte was determined in mm3,
based on the known voxel volume.
INTERMODALITY REGISTRATION
Volumetric image data from MR and micro-CT were co-
registered using the Medical Image NetCDF (MINC)
software package developed at the Montreal Neurological
Institute49 (Fig. 6). All 124 volumetric data sets (micro-
CTZ 31, SPGRfsZ 31, SPGRnofsZ 31, FSEZ 31) were
converted to MINC format before co-registration. For each
rabbit knee, image volumes were registered in the following
Fig. 3. Coronal view of the cylindrical sample volumes of 1.5 mm
diameter that were placed within the subchondral cancellous bone
of the medial (MC) and lateral (LC) femorotibial compartments.
Cylindrical volumes extended to the epiphyseal growth plate
(FEGPZ femoral epiphyseal growth plate, TEGPZ tibial epiphy-
seal growth plate).order: MReMR registration was completed using an
automatic linear mutual information algorithm; secondly,
the SPGRfs volume was registered to the micro-CT volume
using a trilinear interpolation, based on eight manually
selected, homologous, anatomical landmarks as ﬁducial
markers to produce a rigid-body transformation algorithm;
and ﬁnally, the SPGRfs transformation algorithm was
applied to the FSE and SPGRnofs. Figure 7 depicts the
eight anatomical landmarks selected from the knee joint for
all image co-registrations performed in this study. Regis-
tration in this order allowed the micro-CT volume to
maintain its original orientation and spatial resolution, and
the remaining three image volumes to be registered such
that they all matched the micro-CT image orientation.
To evaluate the success of the registrations, eight bony
anatomical landmarks that were identiﬁable on both MRI
and micro-CT were chosen, independently from the land-
marks used in the manual registrations, and used to
compare previously fused image volumes. Previously co-
registered volumes were loaded into a MINC graphical user
interface and, for each of the eight new anatomical
landmarks, a point was placed over the source volume
and a match was calculated by the utility in the target (co-
registered) volume. The operator would then adjust the
location of this point (or estimated voxel) in all three slice
planes of the target volume until the best match was
achieved. A correct match was determined when the
operator detected little to no difference in anatomical location
in any of the slices between co-registered image volumes.
Coordinate values for the source (x1, y1, z1) and target (x2,
y2, z2) volumes were compared to determine residual error in
the registrations, which is represented by the magnitude of
the coordinate displacement vector (Rootmean square ¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðx2  x1Þ2 þ ð y2  y1Þ2 þ ðz2  z1Þ2
q
) for the chosen land-
marks. Mean displacement values for each co-registered
volume were calculated from the coordinate displacements
in the eight landmarks. Statistical analysis consisted of
one-way repeated measures analysis of variance (ANOVA)
to determine whether signiﬁcant differences existed
between specimen registrations.
619Osteoarthritis and Cartilage Vol. 12, No. 8Fig. 4. Coronal (a) and sagittal (b) micro-CT slices of a normal
rabbit depicting the narrowest femorotibial region as determined by
3-D examination of entire weight-bearing surface, and subsequent
location of compartmental joint-space measurement.Results
MAGNETIC RESONANCE IMAGING
Sensitivity and specificity
Interrater reliability of femorotibial cartilage grade using
4-T MRI was considered good as indicated by a weighted
Kappa coefﬁcient of 0.77. This correlation indicates that
despite the apparent subjective nature of cartilage grading
using MRI, there is a high degree of consistency between
experienced radiologists. Because of this consistency, the
compartmental cartilage grades for each specimen were
averaged across the two raters for all subsequent analysis.
The categorical agreement between cartilage grades
obtained upon macroscopic evaluation and 4-T MRI (com-
bined SPGRfs, SPGRnofs, and FSE) is presented in Table II.
As assessed by macroscopic evaluation, clinically signiﬁ-
cant lesions were considered to beRgrade 3. Under these
criteria, sensitivity of 4-T MRI was considered good (78.3%)
while speciﬁcity was considered excellent, with only three
out of 64 normal compartments (95.3%) receiving a false
abnormal cartilage grade (Tables II and III). The positive
predictive value indicated a 96.7% chance that combined
SPGR and FSE sequences will correctly identify a cartilage
lesion, while the negative predictive value indicated
a 71.5% chance that these sequences will correctly grade
the cartilage as normal.
Speciﬁc observations in the SPGR images at 4-T
included: good tissue contrast; good visualization of the
internal morphology of surrounding tissues; with mild to
moderate artifacts. Synovial ﬂuid appeared somewhat
hyperintense in the images as opposed to the expected
signal intensity observed in human images at 1.5 T. Some
SPGR fat-suppressed images showed evidence of a band-
ing artifact that extended through regions of hyperintensity
(Fig. 8), although it did not interfere with the visualization of
articular cartilage morphology. The SPGR images without
fat suppression did not have this artifact. Speciﬁc observa-
tions in the FSE images included: good contrast between
tissues; good visualization of the internal morphology of
surrounding tissues; with only mild artifacts.Fig. 5. Manual contour of new bone growth in each coronal image slice (a), to create a 3-D model of osteophytic bone for quantitative
volumetric assessment (b).
620 D. L. Batiste et al.: MRI and Micro-CT in a Rabbit Model of OAFig. 6. An example of the MINC graphic user interface depicting the source volume (micro-CT) in column (a), target volume (SPGRfs) in
column (b), and both source and target volumes overlapped in column (c). Volumes are of a normal rabbit visualized in the transverse (top),
sagittal (central), and coronal (bottom) planes.
Fig. 7. The eight anatomical landmarks used for image co-registration which were identiﬁable on both MR and micro-CT. Landmarks
description: superior femoral intercondyle located centrally visible in sagittal section (a), inferior femoral intercondyle located centrally visible in
sagittal section (b), medial tibial intercondylar tubercle located centrally visible in coronal section (c), lateral tibial intercondylar tubercle located
centrally visible in coronal section (d), medial femoral anterior condyle located medially visible in transverse section (e), lateral femoral anterior
condyle located laterally visible in transverse section ( f), posterior tibial compartment located medially visible in sagittal section ( g), posterior
tibial compartment located laterally visible in sagittal section (h).
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Micro-CT precision
To determine the intrinsic precision of compartmental
vBMD and BV/TV measurement technique, ﬁve repeated
measurements were analyzed within the left knee of one
control rabbit. Descriptive statistics for the precision
analysis were generated for each of the 12 regions
measured from the knee joint. Means, standard deviations,
range, and CV for each of the 12 anatomical regions
imaged are presented in Tables IV and V.
Precision errors demonstrated a high degree of consis-
tency in the micro-CT analysis technique, with the greatest
variability found for measurements of BV/TV (range of
1.3e3.1%) and minimal variability found for measurements
of vBMD (range of 0.6e2.6%). The overall precision error of
the micro-CT technique (i.e., pooled CV for all 12 anat-
omical sites) for vBMD and BV/TV analysis was 1.2% and
2.0%, respectively. Precision errors demonstrated a high
degree of consistency in both the medial (0:99G 0:01mm,
CV ¼ 0:9%) and lateral (1:41G0:03mm, CV ¼ 1:9%) com-
partmental joint-space measurements, with an overall
precision error of the micro-CT technique for joint-space
measurement of 1.8%.
Osteophyte volume
Figure 5 illustrates the use of micro-CT data for
quantitative assessment of osteophytes over the entire
knee volume. Manual contour of new bone growth in each
coronal image slice [Fig. 5(a)] created a 3-D model of
osteophytic bone, from which osteophyte volume can then
be calculated. Additionally, volume rendering of image data
facilitated visualization of bone surface irregularities,
assisting with early detection of morphological changes
related to disease progression [Fig. 5(b)].
INTERMODALITY CORRELATION
To determine the accuracy of intramodality and inter-
modality registrations, the averaged mean displacement
Table II
Categorical agreement between macroscopic cartilage grade and
4-T MRI cartilage grade (determined using SPGRfs, SPGRnofs, and
FSE imaging sequences), which provided the data for the
calculation of sensitivity and specificity of 4-T MRI to detect
cartilage lesions
Macroscopic
grade
MRI Grade
1 2 3 4 5 6
1 43 2
2 14 4 1
3 12 1 5 1
4 2 2
5 1 1 18 3
6 1 13
Table III
Sensitivity of 4-T MRI as determined at various threshold values of
macroscopic grade
Macroscopic grade
threshold value
N 4-T MRI
sensitivity
GradeR 3 60 78.3%
GradeR 4 41 97.6%
GradeR 5 37 97.3%
GradeR 6 14 100%values for ﬁve specimens, for completed and extrapolated
registrations, were calculated and are summarized in Fig. 9.
ANOVA revealed no signiﬁcant differences (P > 0:05) be-
tween specimens, but did demonstrate differences between
registrations. A Tukey’s post hoc analysis revealed no
signiﬁcant differences (P > 0:05) between intramodality
registrations, with the mean displacement for both SPGRfs
to FSE and SPGRnofs to FSE being 0:22G 0:04mm. Post
hoc analysis did reveal a signiﬁcant difference (P!0:001)
when intramodality registrations were compared with extra-
polated FSE to micro-CT registrations, such that the mean
displacement values were 0:22G 0:04mm and 0:50G
0:04mm, respectively. Figure 10 illustrates representative
registrations for one specimen to demonstrate the capacity
of this technique to allow for comprehensive multi-modality
evaluations.
Discussion
The goal of this study was to investigate the potential
of using non-invasive, multi-modality imaging techniques
Fig. 8. An example of the banding artifact (arrows) present in some
SPGR fat-suppressed image volumes.
Table IV
Means, standard deviations, range, and CV for the vBMDmeasured
from each of the 12 anatomical regions imaged (based on five
repeated measurements from a normal rabbit)
Anatomical site Mean BMD (SD)
(gm cm3)
BMD Range
(gm cm3)
BMD CV
(%)
Medial femur
Anterior 0.309 (0.003) 0.304e0.312 1.00
Central 0.320 (0.002) 0.316e0.322 0.77
Posterior 0.352 (0.004) 0.346e0.357 1.15
Lateral femur
Anterior 0.276 (0.003) 0.272e0.279 1.07
Central 0.262 (0.004) 0.255e0.266 1.54
Posterior 0.329 (0.002) 0.327e0.332 0.62
Medial tibia
Anterior 0.342 (0.009) 0.333e0.353 2.57
Central 0.431 (0.006) 0.423e0.440 1.50
Posterior 0.406 (0.004) 0.399e0.411 1.08
Lateral tibia
Anterior 0.314 (0.004) 0.311e0.320 1.31
Central 0.358 (0.006) 0.351e0.367 1.66
Posterior 0.393 (0.006) 0.385e0.401 1.45
622 D. L. Batiste et al.: MRI and Micro-CT in a Rabbit Model of OAto quantify disease progression in a rabbit model of ex-
perimentally induced OA. The application of 4-T MRI and
micro-CT offers a novel approach to the evaluation of de-
generative joint disease, with their superior and com-
plimentary ability to visualize soft tissue and bone.
Additionally, 3-D rigid body registration of multi-modality
image volumes allows for the development of intermodality
analysis and a comprehensive evaluation of the entire joint
structure. The characteristics and implications of each of
these imaging techniques as applied to an animal model of
OA are discussed.
Numerous MRI sequences have been proposed to
enhance contrast between hyaline cartilage and adjacent
structures50e52; however, the T1-weighted, fat suppressed,
3-D SPGR sequence35e41,53 and the 2-D proton density-
weighted FSE sequence42e44,53 have seen almost univer-
sal clinical adoption. The excellent SNR and rapid speed
with which both these sequences can be obtained makes
their use in both ex vivo and in vivo pre-clinical image
Table V
Means, standard deviations, range, and CV for the BV/TVmeasured
from each of the 12 anatomical regions imaged (based on five
repeated measurements from a normal rabbit)
Anatomical site Mean BVF (SD)
(BV/TV)
BVF range BVF CV
(%)
Medial femur
Anterior 0.289 (0.009) 0.275e0.298 3.11
Central 0.292 (0.008) 0.280e0.299 2.62
Posterior 0.323 (0.009) 0.309e0.332 2.89
Lateral femur
Anterior 0.250 (0.002) 0.241e0.256 2.23
Central 0.236 (0.006) 0.231e0.241 2.45
Posterior 0.302 (0.008) 0.291e0.312 2.51
Medial tibia
Anterior 0.311 (0.008) 0.300e0.322 2.52
Central 0.393 (0.010) 0.385e0.410 2.47
Posterior 0.366 (0.005) 0.360e0.371 1.34
Lateral tibia
Anterior 0.288 (0.006) 0.280e0.297 2.17
Central 0.329 (0.007) 0.320e0.336 2.08
Posterior 0.360 (0.007) 0.351e0.369 1.95
Fig. 9. The averaged mean displacement values (calculated from
root mean square) and standard error for completed (SPGRnofseCT
(D)) and extrapolated (SPGRfseFSE (A), SPGRnofseFSE (B),
SPGRfseCT (C), FSEeCT (E)) registrations of ﬁve rabbit specimens.acquisition quite feasible. This study included three imaging
sequences: the T1-weighted, 3-D SPGR sequence (with
and without fat suppression) and the 2-D proton density-
weighted FSE sequence. Spoiled gradient-recalled echo
and FSE sequences were jointly used to determine the
sensitivity (78.3%) and speciﬁcity (95.3%) of 4-T MRI to
detect clinically signiﬁcant lesions (Rgrade 3). Our radiol-
ogists agreed that fat suppression in the SPGR sequences
resulted in slightly superior image quality when compared to
those without fat suppression, and subsequently greater
conﬁdence in diagnosis. The non-fat suppressed images
did not supply any additional diagnostic information. We
suggest both fat-suppressed SPGR and FSE sequences be
used for the evaluation of degenerative changes and
a complete assessment of joint integrity in the rabbit ACLT
model of OA. The combination of SPGR and FSE
sequences provides complimentary information with re-
spect to cartilage, ligaments, muscle, marrow, bone, and
synovial ﬂuid.
In the past, cartilage has proven difﬁcult to evaluate
accurately with MRI due to limits in spatial resolution. This
problem becomes intensiﬁed in evaluations of animal
models of OA, since cartilage represents such a thin layer
of material relative to the voxel size that is typically used for
MRI, and partial-volume averaging becomes a serious
problem. In addition, because SNR is proportional to the
voxel volume and to the square root of total acquisition time,
special attention must be given to ensure adequate SNR
during high-resolution MR imaging. The present study
addressed this difﬁculty by imaging at higher ﬁeld strength
( greater longitudinal magnetization) and utilizing special-
ized in-house coils to reduce noise. This system allowed the
delineation of the major structures in the joint, including the
proximal tibia, distal femur, menisci, joint-space, cartilage,
subchondral bone, and trabecular bone.
Recent investigations54e56 have demonstrated the feasi-
bility of high ﬁeld strength MR imaging in live animal models
of OA. The MRI protocol designed and implemented in the
current study would be suitable for live animal (rabbit)
investigations, without modiﬁcations or sequence adjust-
ments. However, it is important to note the beneﬁt of
applying this MRI protocol at high ﬁeld strength. It would be
possible to obtain the same SNR at 1.5-T; however, this
would require an increase in the acquisition duration by
a factor of seven (i.e., from 20 min to 140 min), making this
protocol unrealistic for in vivo investigations. However,
further optimization to improve the SNR of the present
sequences still would be required for smaller animals (e.g.,
rat or mouse).
The banding artifact observed in the fat-suppressed
SPGR images is a result of RF coil non-uniformity, caused
by the larger than normal ﬁlling factor. Typical volume coil
ﬁlling factors are within 50e80%, thus operating at the most
uniform region of the RF ﬁeld. The specimens used in this
study ﬁlled O80% of the volume coil, placing them in the
periphery where inhomogeneities in RF signal are known to
exist. These inhomogeneities were propagated in the form
of a ripple along one of the RF modes when the high-ﬂip
angle, fat-suppression pulse was applied. This artifact could
be overcome by using a RF coil custom-made to ﬁt
specimens of this size.
The ability of micro-CT to non-destructively delineate
cortical and trabecular bone from soft tissue regions
(cartilage, ligaments, muscle, marrow) makes it well suited
for applications involving measurements of bone density,
BV/TV, joint-space, and osteophyte volume, as demon-
strated in this study. In order to detect serial changes in
623Osteoarthritis and Cartilage Vol. 12, No. 8Fig. 10. Sagittal slices obtained from micro-CT (a), SPGRfs (b), FSE (c), and SPGRnofs (d), demonstrating the ability to accurately co-register
MReCT and MReMR volumes using MINC.bone measurements, the precision error of a tool or tech-
nique should be smaller than the expected changes47,48.
Accordingly, error minimization translates into improved
tool sensitivity. In the present study, the overall precision of
the micro-CT data analysis technique for determination of
vBMD, BV/TV, and joint-space was 1.2%, 2.0%, and 1.8%,
respectively. This error is comparative to other modern
approaches that use quantitative CT to monitor disease
progression and efﬁcacy of treatment within the spine47,
distal femur, and proximal tibia57. It is notable that precision
error in BV/TV measurements was approximately two times
greater than that for BMD. It is quite likely that this
difference is due to the subjective nature of threshold
determination. Although a well-accepted protocol was used
that allows threshold determination based on frequency of
grey-scale values58, it has been documented that a variation
of 0.5% in threshold results in a 5% difference in BV/TV59.
Thus, this study demonstrates that vBMD analysis is less
sensitive to image noise than BV/TV, making vBMD more
robust for detecting and monitoring changes in bone
content in an animal model of OA.
In addition to applications involving measurements of
vBMD, BV/TV, and joint-space, micro-CT data sets can be
rendered and subsequently used for examination of bone
surface irregularities and osteophyte development. Al-
though further work needs to be completed, this is the ﬁrst
step in the development of a method for volumetric
quantiﬁcation of osteophyte burden. Studies investigating
the development and regulation of osteophyte formation in
the rabbit model of OA have detected plate-like formationsas early as 4 weeks post-ACLT, and osteophyte growth in
all compartments of the knee by 12 weeks post-ACLT60.
We believe that the micro-CT technique will facilitate the
characterization of new bone growth, and provide an
effective method to quantify osteophyte volume and re-
sponse to therapy during longitudinal investigations.
We have applied a rigid-body multi-modality image
registration tool to this orthopaedic study. This approach
allows 3-D image volumes to be matched voxel-for-voxel,
such that information obtained from different imaging
modalities may be directly combined and compared at
speciﬁc anatomical locations. The mean displacement
errors determined in the present study tended to be
0.6e1.0 times the MR slice thickness, translating to
0.22e0.63 mm. This magnitude of co-registration error
using the described technique was deemed excellent for
intra- and intermodality registrations and subsequent multi-
modality evaluation in an animal model of OA. Figure 11
demonstrates how this image registration technique will be
of tremendous beneﬁt in facilitating correlation of localized
measurements between modalities and/or between speci-
mens. For example, this will allow investigators to associate
cartilage degeneration (MR) with changes in subchondral
bone density or joint-space (CT), measured from the same
3-D location within the joint.
A fundamental limitation of micro-CT is the inherent use
of ionizing radiation, which results in potential risks to
operating staff and research animals. The enclosed design
of small animal micro-CT scanners facilitates X-ray shield-
ing, such that there should be essentially no exposure to
624 D. L. Batiste et al.: MRI and Micro-CT in a Rabbit Model of OAFig. 11. Coronal reformatted images of the micro-CT (aed) and SPGRnofs (eeh) image volumes at various weeks (d,h) post-ACLT.
Progressive cartilage damage (arrows) and osteophyte growth (open arrowheads) can be identiﬁed over the 12-week period, and may be 3-D
mapped to simultaneous changes in adjacent subchondral bone.ionizing radiation for the operator. Of course, exposure to
the animal is unavoidable, and it is possible to reach the
lethal whole-body dose for smaller animals or rodents
(w6 Gy) in scans that combine both high-resolution and low
noise61. The impact of this dose of ionizing radiation must
be considered during any longitudinal experiment with live
animals. The precision error in the current study was
achieved by the small voxel size (0.00061 mm3) and low
noise (100 HU) in a 35 min scan, resulting in an entrance
dose to the knee of 17.5 Gy. It must be emphasized that this
X-ray dose was reached using an early proto-type
specimen scanner and although it is acceptable for ex vivo
studies, it would not be appropriate for in vivo investiga-
tions. Further studies in a recently developed live animal
scanning system (eXplore RS, GE Medical Systems,
London, Ontario, Canada) indicate that equivalent precision
and image quality can be achieved with a 4.8 min scan,
resulting in an entrance dose to the knee of less than
0.1 Gy. This entrance dose would be suitable for in vivo
investigations, including serial examinations during longitu-
dinal studies.
The myriad of imaging tools available today offers
unprecedented opportunities to researchers and clinicians
to explore and combat OA. High ﬁeld MRI and micro-
CTdwith their inherent 3-D nature and high-resolution
capabilitiesdfacilitate precise quantitative evaluation of
bone and cartilage degeneration in animal models of OA.
The techniques investigated in this study demonstrate the
comprehensiveness of multi-modality imaging for orthopae-
dic applications, and the ability to study various variables of
interest within and across specimens. Recent develop-
ments in micro-imaging allow investigators to non-inva-
sively evaluate cartilage and soft tissue integrity, changes in
bone density, BV/TV, joint-space, and osteophyte volume.
Although ex vivo imaging techniques were employed in this
study, all imaging protocols were designed to be suitable for
in vivo investigations, including a realistic duration for
a complete investigation using both MRI and micro-CT (total
imaging timeZ 42 min). This, in turn, will facilitate the
detection and characterization of a response to therapeutic
intervention during future longitudinal investigations of OA
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